Injury is rapidly becoming the leading cause of death worldwide, and uncontrolled hemorrhage is the leading cause of potentially preventable death. In addition to crystalloid and/or colloid based resuscitation, severely injured trauma patients are routinely transfused RBCs, plasma, platelets, and in some centers either cryoprecipitate or fibrinogen concentrates or whole blood. Optimal timing and quantity of these products in the treatment of hypothermic, coagulopathic and acidotic trauma patients is unclear. The immediate availability of these components is important, as most hemorrhagic deaths occur within the first 3-6 h of patient arrival. While there are strongly held opinions and longstanding traditions in their use, there are little data within which to logically guide resuscitation therapy. Many current recommendations are based on euvolemic elective surgery patients and incorporate laboratory data parameters not widely available in the first few minutes after patient arrival. Finally, blood components themselves have evolved over the last 30 years, with great attention paid to product safety and inventory management, yet there are surprisingly limited clinical outcome data describing the long term effects of these changes, or how the components have improved clinical outcomes compared to whole blood therapy. When focused on survival of the rapidly bleeding trauma patient, it is unclear if current component therapy is equivalent to whole blood transfusion. In fact data from the current war in Iraq and Afghanistan suggest otherwise. All of these factors have contributed to the current situation, whereby blood component therapy is highly variable and not driven by long term patient outcomes. This review will address the issues raised above and describe recent trauma patient outcome data utilizing predetermined plasma:platelet:RBC transfusion ratios and an ongoing prospective observational trauma transfusion study.
Introduction
Injury is a major public health problem. Around the world, injury is responsible for more than 5 million deaths per year, while in the United States, injury accounts for over 150,000 deaths and over 3 million non-fatal injuries per year [1] . In the United Sates, traumatic injury is the leading cause of death for patients between the ages of 1 and 40 [2] . Across the globe, injury is a leading cause of death and disability in adults worldwide [3] . Rural civilian data indicates that approximately 10% of traumatic deaths are preventable [4, 5] , and 16% of preventable deaths are due to hemorrhage [6] . Hemorrhagic deaths typically occur very early, usually within the first 6 hof admission [7] [8] [9] [10] [11] [12] [13] [14] [15] . While these statistics are sobering, it must be remembered that the vast majority of trauma patients are not at risk for a transfusion and have little risk of dying. Only 25% of patients admitted to busy trauma centers receive a unit of RBCs and of those only 25% are massively transfused. This represents approximately 2-3% of all civilian trauma admissions [16] [17] [18] . The 25% of patients presenting with severe traumatic injury and who are in shock are usually coagulopathic in the Emergency Department [19] [20] [21] [22] [23] . Shock and coagulopathy upon admission have both been associated with massive transfusion and increased mortality [22, 23] . These patients are critically ill, are at risk of immediate hemorrhagic mortality, and constitute the largest group of potentially preventable deaths. Early identification of coagulopathy and shock coupled with predefined resuscitation strategies aimed at reversing the coagulopathy of trauma, controlling bleeding and improving survival in this group of severely injured patients is imperative [24] [25] [26] [27] .
Discussion

History
Over the last 40 years transfusion in the developed world has evolved from use of predominately whole blood to largely component therapy. In the developed world, very little whole blood is used, while in the developing countries, and in many military situations, its use is not uncommon [28] . After the development of whole blood fractionation in the 1940s, component therapy now predominates as the primary transfusion approach, primarily due to concerns for resource utilization and safety [29] [30] [31] [32] . This change occurred without strong evidence documenting at least equivalent clinical outcomes between whole blood and component therapy in massively transfused patients [33] . In addition, regulatory approval of RBC storage solutions are based upon a 24 h RBC membrane viability and ATP concentrations instead of the ability of RBCs to deliver oxygen to the microvasculature, adverse effects on inflammation or immune function with stored RBCs, or most importantly improved patient outcomes [31] . We are unaware of any Level 1 or 2 data, focused on patient outcomes, which compare component therapy with whole blood in rapidly bleeding trauma patients. Current published transfusion guidelines regarding indications for blood components were based upon expert opinion, experiments in euvolemic patients requiring elective surgery and data from the modified whole blood era which is no longer commonly available [33, 34] . While component therapy does convey a logistical and inventory management benefit, it is extremely uncertain if the current reliance on component therapy is clinically superior to whole blood, especially in the massively transfused patients. Recent retrospective data from the ongoing conflict suggests that whole blood is superior to component therapy in the massively transfused trauma patient [35] [36] [37] [38] [39] [40] [41] .
Damage control resuscitation
Prompted by new data from combat casualties, an evolution of opinion is occurring in the trauma and transfusion medicine communities regarding the optimal resuscitative approach to hemorrhagic shock [42] [43] [44] [45] [46] [47] [48] [49] . Damage control resuscitation (DCR) is the overall guiding concept to emerge from the recent military experience [47] . DCR includes permissive hypotension as first described by Cannon in 1918 and Beecher in 1945 and can be summarized as allowing the blood pressure to remain at lower than normal to promote thrombus formation while still providing enough perfusion to end organs [42, 43] . In other words, the goal of permissive hypotension is to prevent increasing the blood pressure to a threshold where a forming thrombus will not be able to achieve hemostasis, and rebleeding occurs. This has been called "popping the clot" and is typically seen when systolic blood pressures rise >90 mm Hg [50] . This concept is practiced prior to surgical control, after which full resuscitation to normal values occurs. The practice and literature supporting permissive hypotension has been well documented and will not be discussed further [51] .
Damage control resuscitation and hemostatic resuscitation are concepts that have been recently developed and are being widely implemented as the optimal resuscitative and transfusion approach to patients with hemorrhagic shock and immediately life-threatening injuries. Similar to damage control surgery the goal of damage control resuscitation is to "stay out of trouble instead of getting out of trouble". Therefore in patients with severe traumatic injury the goal is to minimize iatrogenic resuscitation injury, prevent worsening of the presenting traumatic shock and coagulopathy, and to obtain definitive hemostasis. Once this is achieved the next immediate goal is to rapidly reverse shock, hypocoagulation, intravascular volume depletion, and maintain appropriate oxygen delivery and cardiac output. Fortunately, these measures are required infrequently as massive transfusion patients comprise only 3-8% of civilian and military trauma admissions, respectively. DCR also advocates for the rapid control of surgical bleeding, prevention of acidosis, hypocalcemia and hypothermia, and the limitation of excessive crystalloid use to decrease hemodilution. All of these principles are intended to prevent inducing or exacerbating a hypocoagulable state in these patients with severe traumatic injury who are at high risk of developing or worsening severe shock and coagulopathy. Hemostatic resuscitation is a component of DCR and is a term to describe a unified transfusion approach to severe hemorrhagic shock. Hemostatic resuscitation advocates for the transfusion of RBCs, plasma, and platelets in a 1:1:1 ratio and the use of thawed plasma to achieve this ratio upon admission. This approach is also intended to minimize exacerbating a dilutional coagulopathy by replacing lost blood with plasma and platelet containing products instead of early and large amounts of crystalloids and RBCs. This approach has been widely studied, and is quickly becoming a common resuscitation approach in severely injured patients [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . Lastly in the austere civilian or military situation, the use of fresh whole blood is recommended for those patients who have massive hemorrhage.
These suggested changes at first glance appear radical. However upon inspection of the literature supporting current practices, one finds generally underwhelming data. Current ATLS recommendations are based on a single paper from 1985, without a control group and comprising only 18 patients [66] . The influential paper by Counts et al. published in 1979 and totaling 29 patients, admonished the use of plasma as a resuscitation product, yet utilized whole blood transfusion, not the RBCs we use today [67] . Unfortunately the admonishment against FFP transfusion is what is remembered, not what blood product was transfused. Finally, the seminal work of Carrico and Shires recommended minimal crystalloid (by today's standards) while readying the whole blood transfusions for the seriously injured patient in shock [68] . If one were to translate their work to today, their recommendations are very similar to those of damage control resuscitation.
While most of the literature reviewed is in patients with traumatic injury, there are already compelling data from massively bleeding from ruptured aortic aneurysms patients, postoperative neonatal cardiac surgery and obstetric hemorrhage using the DCR concepts [69] [70] [71] . As this literature develop over the next few years, it will be interesting to observe if patients suffering massive hemorrhage from a variety of different etiologies benefit from the DCR approach to intravascular hemostasis.
Patients who develop traumatic coagulopathy often require a Massive Transfusion (MT) conventionally defined as 10 or more units of RBCs within the first 24 h of admission in adults. Cotton et al. has evaluated the DCR approach by implementing a multi-disciplinary massive transfusion guideline and a comprehensive performance improvement assessment. With a before and after design, they documented an association with increased survival with earlier application of a predefined MT guideline [61] . The later group had a lower multiorgan failure (MOF) rate 20 vs 9%, p < 0.01, and a higher 30 day survival higher 38 vs 57%, p < 0.01. The differences were attributed to rapid and earlier transfusion of increased plasma and platelets ratios
Traumatic coagulopathy and acute coagulopathy of trauma-shock
Traumatic coagulopathy is a hypocoagulable state that occurs in the most severely injured. Once thought to develop over time and with dilution, it is now understood to be present on admission to the emergency department and coexisting with shock. This process has been termed the acute coagulopathy of trauma-shock (ACoTS) [19, 20] . Mathematical models have determined that hemodilution occurs after patients are given excessive crystalloids and red blood cells (RBCs) worsening shock induced hypocoagulation [33] . The development of hypothermia, hypocalcemia and acidosis each can further contribute to worsening of this initial coagulopathic state. The degree of hypocoagulation upon admission has been determined to be independently associated with massive transfusion and mortality in trauma patient [21, 22] . Since death from hemorrhage occurs quickly, usually within 3-6 h from injury, the rapid identification of acidemia as an indicator of shock and coagulopathy is essential, as we think early and aggressive treatment with blood products may reverse these conditions and improve survival. This is the central tenant of DCR and recent military and civilian retrospective studies support this concept.
Avoidance of hemodilution
The current standard approach taught in the Advanced Trauma Life Support (ATLS) course for adults with significant bleeding is to initially administer 1-2 l of isotonic crystalloids and then to transfuse RBCs until coagulopathy is recognized by laboratory analysis at which point plasma should be transfused. In addition, practice guidelines for blood component therapy by the American Society of Anesthesiologists Task Force on Blood Component Therapy suggest that platelet transfusion is indicated for surgical patients with microvascular bleeding only when the serum platelet concentration is less than 50,000-100,000 [34] . This approach is based on expert opinion and likely is appropriate for the roughly 92-97% of trauma patients who are not significantly hypovolemic, in shock and who do not require a massive transfusion. For the 3-8% of trauma patients who require a massive transfusion this approach frequently results in liters of transfused RBC and crystalloid transfusion prior to their first dose of plasma or platelets, likely exacerbating their already present coagulopathy and increasing their risk of death from hemorrhage. Adverse clinical outcomes associated with over-resuscitating critically ill patients with crystalloids was described by FD Moore and Shires G in 1968 [72] , reiterated in a recent review by Cotton [73] , and confirmed in prospective cohort studies [74] and randomized controlled trials [75, 76] . In addition to the hemodiluting effects of excessive crystalloids for patients at high risk of coagulopathy, the proinflammatory nature of crystalloids is under-appreciated and also well described in Cotton's review. Preliminary data from our laboratory suggests that freshly thawed plasma is less inflammatory than Lactated Ringers, when measured on endothelial cells made permeable by hypoxia [77] . Interestingly, thawed and then stored (5 days) plasma exacerbates the permeability of these cells. Furthermore, aged thawed plasma may result in decreased survival compared to freshly thawed plasma in a hemorrhagic shock rat model. We hypothesize that freshly thawed plasma, when used as a resuscitation fluid may minimize endothelial damage associated with shock and serve to repair the large endothelial surface. The same concerns exist for the over-use of RBCs in the initial phase of the resuscitation of a patient in hemorrhagic shock. When large amounts of RBCs are initially transfused this further hemodilutes the patient, secondary to plasma protein dilution, and may also contribute to exacerbating a hyper-inflammatory and immune deficient state, especially when older RBCs are transfused. To minimize the development of a dilutional coagulopathy, DCR principles advocate for the minimal use of crystalloids and the use of fresh plasma, RBCs, and platelets in a 1:1:1 ratio for patients at high risk of death secondary to hemorrhage from traumatic injuries.
Plasma, RBCs, platelets in a 1:1:1 ratio
Until very recently there has been very little literature to guide the use of blood components in the resuscitation of patients with hemorrhagic shock. In fact the only randomized controlled trial examining the efficacy of platelets compared to plasma was performed by Reed et al. in 33 patients with massive transfusion [78] . This small study used modified whole blood, and so one must be careful translating their results directly to transfusion therapy today. Since fresh or even whole blood is no longer available at most western institutions, practitioners have had to adjust to the availability of components only and transfuse plasma, RBCs, and platelets in a 1:1:1 ratio (reconstituted whole blood). Component therapy was substituted for whole blood in the US in the late 1970s and early 1980s. In the years after the transition from whole blood to components, several studies suggested that increased plasma and platelets were required for patients with severe traumatic injury and hemorrhage [62, 63, 79] . Unfortunately, these studies were not recognized for the important message they conveyed.
Currently there are 25 large adult US Military and civilian retrospective studies, both single and multicenter and in penetrating and blunt injury populations, the majority of which indicate in massive transfusion patients, when groups of equal injury severity are compared, a high ratio of plasma and platelets to RBCs, (approximating a median 1:1:1 unit ratio) is associated with improved survival [24] [25] [26] 48, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . Since the majority of these reports are retrospective and subject to bias, particularly survivorship bias, they must be interpreted with caution. Survivorship bias in this situation means that plasma and platelets were available only for those patients that were bleeding slowly enough to receive them, and that rapidly bleeding patients died before receiving products. It is important to note though that many of these studies have excluded patients who died within the first 30-60 min or in the emergency department, specifically to minimize this concern. This exclusion period should have removed those patients who were bleeding to death within the time when plasma and platelets were unavailable. These retrospective studies cannot account for "ordering bias" or the lack of physicians rapidly requesting these products from the blood bank. Even with excluding these patients, an association between increased ratios of plasma and platelets to RBCs with increased survival still remained. It is unclear if the increased death in patients receiving low plasma and platelet to RBC ratios is due to a delay in ordering the products or a true survival bias in these retrospective studies. Snyder et al. have explored this issue and in a small single center study concluded that after adjustment for survival bias a high ratio of plasma:RBCs was not independently associated with survival [80] . However the time to transfusion of plasma vs RBC was significantly longer 15 vs 90 min, confounding their conclusions.
The preponderance of the current literature, but not all, indicates patients in severe hemorrhagic shock may benefit from increased ratios of plasma and platelets to RBCs [81, 82] . Conversely, DCR should not be performed in patients who are not in hemorrhagic shock or who are not at high risk of massive transfusion, as the increased plasma and platelets will likely increase multiple organ failure, with no increased survival benefit. The American Association of Blood Banks (AABB) has recently performed an evidenced based review for the AABB plasma guideline project and has concluded that massive transfusion appears to be one situation where giving increased amounts of plasma prevents death.
Risk vs benefits
As the use of plasma and platelet transfusion increases, the risks associated with these products must be clearly understood, and placed within the framework of their potential benefit. Plasma transfusion has been associated with increased risk of allergic reactions, transfusion associated acute lung injury (TRALI), transfusion associated cardiac overload (TACO), and acute respiratory distress syndrome (ARDS) [83, 84] . Platelet transfusion has been associated with each of these and in addition bacterial contamination, deep venous thromboembolism (DVT), and febrile reactions [85] . The risks of these adverse events have not been well quantified with a wide range of reported occurrences. The reported incidence of TRALI ranges from 1/500 to 1/5000 to 1/60,000 for platelets, all blood components, and fresh frozen plasma transfusion, respectively [84, 85] . In patients without severe bleeding this risk profile outweighs any potential benefit. However, for patients with severe traumatic injury and hemorrhagic shock the apparent survival benefit with increased plasma and platelet transfusion likely far exceeds the uncommon to rare risks of transfusion reactions, TRALI, TACO, and infections that can be associated with their use. The risks associated with increased plasma and platelet use must also be put into perspective with the increased risk of thrombosis, sepsis, organ failure and death associated with RBC transfusion, which have been recently reviewed [86] [87] [88] [89] . Unfortunately, there are no prospective studies that evaluated the clinical benefit vs the risks associated with transfusion of these products.
Whole blood
While whole blood is an AABB approved product its use is a controversial subject, often eliciting fairly emotional responses. Unfortunately, little data are available describing outcomes of trauma patients transfused either components or whole blood. What data are available largely come from military conflicts, where follow-up data can be difficult. The US Military has transfused >6000 units of FWB over the last 8 years and their published data suggests that use of FWB is superior to component therapy [35] [36] [37] [38] [39] [40] [41] . The risks of transmitted disease must be considered vs the benefit of rapid replacement of fresh products in a group of patients that have an extremely high mortality (20-50%) [38] . Finally what exactly constitutes fresh whole blood vs whole blood is unclear as the definitions range from 24 to 72 h after donation and include various storage temperature variables [18] . These questions will remain until prospective randomized studies are performed. Interestingly, it is in the developing world, where whole blood is still routinely utilized, where large randomized studies might provide much of these randomized data. The balance between inventory management, safety from blood borne pathogens and optimal clinical outcome must be pursued.
Future studies
Many centers have published their retrospective data describing increased plasma and platelet ratios on outcome. We have recently started enrolling transfused trauma patients into a prospective observational study of massive transfusion trial (PROMTT). This 10 center study will record minute by minute what resuscitation products are transfused in what order, and the patient's complications and outcomes. These data can then be used to design a prospective randomized trial of high vs low ratios. For the first time, we will have Level 1 data guiding transfusion therapy in severely injured and massively injured trauma patients.
Conclusion
Trauma is the most common cause of death for patients 1-40 years of age, death from hemorrhagic shock is the most common cause of preventable death within 6 h of admission. These patients are frequently coagulopathic upon admission, and the rapid identification and treatment of traumatic coagulopathy may improve survival. Therefore, it is imperative that we better understand the pathophysiology of traumatic coagulopathy and ACoTS, and develop methods to decrease death from hemorrhage. We must also continue to develop research protocols to determine the optimal transfusion approach for patients with traumatic shock. Current data indicates that the early identification of coagulopathy and its treatment with RBCs, plasma, and platelets in a 1:1:1 unit ratio achieved with the use of fresh RBCs, thawed plasma, and platelets, limited use of crystalloids, and possibly with the early and appropriate use of whole blood may improve survival in uncommon patient who presents with severe traumatic injury and life-threatening bleeding. In addition to optimal resuscitation rapid surgical control of the source of bleeding with prevention or treatment of acidosis, hypothermia and hypocalcemia is essential. These principles of DCR should only be applied for patients with life-threatening bleeding with hemorrhagic shock and should not be overused. Accurate predictive models that can be performed upon admission may be able to identify the patients who will benefit from hemostatic resuscitation, thus optimizing benefit and minimizing risk [90] [91] [92] [93] . This is an area of active research and is likely the most important current effort. The US Department of Defense has funded a prospective observational transfusion trial at 10 busy trauma centers, and these data will start to answer many of the questions raised in this review. Future prospective randomized studies are required to definitively answer what resuscitation approach in the massively bleeding patient best balances benefit and risk.
